Calcium oscillations suppress mitochondrial movements along the microtubules to support on-demand distribution of mitochondria. To activate this mechanism, Ca 2؉ targets a yet unidentified cytoplasmic factor that does not seem to be a microtubular motor or a kinase/ phosphatase. Here, we have studied the dependence of mitochondrial dynamics on the Miro GTPases that reside in the mitochondria and contain two EF-hand Ca 2؉ -binding domains, in H9c2 
M
itochondria are dynamically distributed in the cell to optimize the utilization of a limited amount of discrete organelles (1, 2) . Cytoskeletal tracks and motor proteins have been identified for mitochondrial transport (3) (4) (5) (6) but the signaling mechanisms that control motility and positioning remain to be solved. TNF␣-and NGF receptor-activated pathways and plasma membrane phospholipids have been implicated in the control of mitochondrial movements (7) (8) (9) (10) . Recently, it has been shown in several cell types that physiological rises of [Ca 2ϩ ] c arrest mitochondrial motility (11) (12) (13) (14) , effectively creating a homeostatic feedback circuit that positions these organelles near Ca 2ϩ sources (12) enhancing Ca 2ϩ buffering and ATP production where demand is high (15) (16) (17) (18) . Notably, in rat cortical neurons both the presence (11) and absence (19) of sensitivity to Ca 2ϩ was described for mitochondrial motility. Although the calcium signal can stimulate the formation of multiple factors that affect mitochondrial motility [e.g., adenine nucleotides (13, 20) ], Ca 2ϩ by itself can control movement activity (12) . Ca 2ϩ does not seem to activate Ca 2ϩ /calmodulin-dependent kinases or the Ca 2ϩ -dependent protein phosphatase and does not seem to target directly the microtubular motors, dynein and kinesin to establish control over mitochondrial motility (12) . Thus, we have proposed that a distinct Ca 2ϩ sensor molecule is required to translate the Ca 2ϩ signal for the microtubular motor proteins (12) . A subfamily of the Ras GTPases (Miro 1 and 2 proteins) is localized at the outer mitochondrial membrane (OMM) and has two potential Ca 2ϩ binding domains, so called EF-hands (21) . Both proteins consist of 618 amino acid residues and were found to be 60% identical (21) . Miro is present in yeast (Gem1p) (22) , Drosophila (dMiro) (23) , and mammalian cells as well (21) . Miro interacts with the kinesin-binding proteins, GRIF-1/Milton 2 and OIP106/Milton 1, suggesting that Miro forms a link between the mitochondria and the trafficking apparatus of the microtubules (24, 25) . Both the GTPase domains and EF-hand motifs of Miro are exposed to the cytoplasm and are required for yeast Miro function in mitochondrial morphology (22) . Here, we have tested the hypothesis that Miro serves as a Ca 2ϩ -sensitive regulator of mitochondrial motility and fusion-fission dynamics.
Results

Miro Proteins Support Mitochondrial Motility Along the Microtubules.
First we evaluated the effect of Miro1&2 (Miro) and Miro1&2-EF-hand mutants (24)(MiroEF) on basal mitochondrial movement in resting H9c2 cells. Cells were transiently transfected with Miro and MiroEF cDNAs and (i) the spatial relationship between mitochondria and microtubules as well as (ii) basal mitochondrial motility was measured (12) . Mitochondria were aligned with and moved along the microtubules in mock-transfected cells as described before (12) and similar relation between mitochondria and microtubules was observed in Miro-and MiroEF-transfected cells (Fig. 1A) . However, when [Ca 2ϩ ] c was kept at resting level (Ͻ100 nM), cells overexpressing Miro or MiroEF or a constitutively active form of Miro1&2 (MiroV13) (24) displayed an increase in mitochondrial movements ( Fig. 1 B and C) . Furthermore, Mirodepleted cells (Miro1 or Miro1&2 siRNA) showed a decrease in mitochondrial motility (Fig. 1D ). Because Miro 1 and 2 show structural homology including their GTPase and EF-hand domains (21) , exerted similar effects on mitochondrial motility (Fig. 1B) and display similar mitochondrial distribution in H9c2 cells (Fig. S1 ), indicating that these proteins may substitute each other, in many subsequent experiments the expression of both Miro1 and 2 was altered. The overexpression and silencing of Miro1 and Miro2 was confirmed by both anti-Miro1 and anti-Miro2-specific antibodies in western blotting (Fig. S2) ] c spike, although it showed a tendency to suppress the latter one (P ϭ 0.06 and 0.05, respectively, Fig. 2 A) . The reversal of the inhibition of mitochondrial movements was more pronounced at lower agonist concentrations (e.g., 0.25 nM VP evoked a [Ca 2ϩ ] c rise but failed to inhibit mitochondrial movements in MiroEF expressing cells, Fig. 2B ). Thus, next mitochondrial motility inhibition was plotted as a function of [Ca 2ϩ ] c measured after the application of a range of VP doses. The extent of inhibition of mitochondrial movements showed a sigmoid function of [Ca 2ϩ ] c reached during VP stimulation (Fig. 2C) , and 50% inhibition was observed at 380 nM [Ca 2ϩ ] c in control cells. MiroEF overexpression caused a right shift of Ca 2ϩ sensitivity curve, indicating decreased sensitivity (Fig. 2C) , whereas in Miro-V13 (Fig. 2C ) and in Mirooverexpressing cells (data not shown) showed increased sensitivity. Indeed, in the 300-400 nM [Ca 2ϩ ] c range, the decrease in mitochondrial motility was 45.6 Ϯ 3.6% in the control, 70.0 Ϯ 0.3% (P Ͻ 0.01) in MiroV13-expressing, 54.9 Ϯ 3.1% (P ϭ 0.05) in Mirooverexpressing and 34.5 Ϯ 3.6% (P Ͻ 0.05) in MiroEF-expressing cells (n ϭ 10-13) (Fig. 2D) . Moreover, similarly to the expression of the MiroEF mutant, depletion of Miro by siRNA also attenuated the Ca 2ϩ -dependent mitochondrial motility inhibition in VPstimulated cells (Fig. 3 A and B) . The [Ca 2ϩ ] c versus the motility inhibition relationship in the different Miro expression conditions indicated no change in cooperativity (Hill slopes were between 3.4-4.6). These data provide the first evidence that the Miro may be involved in the motility inhibition during the Ca 2ϩ signal. To further clarify whether Miro played a role downstream to the [Ca 2ϩ ] c elevation, [Ca 2ϩ ] c and motility were measured in cells that were incubated in a Ca 2ϩ -free buffer supplemented with EGTA, thapsigargin, an inhibitor of the sarco-endoplasmic reticulum Ca 2ϩ pump and ionomycin, a Ca 2ϩ ionophore to ensure rapid equilibration of the cytosol with the extracellular [Ca 2ϩ ], and then varying amounts of CaCl 2 were added to set [Ca 2ϩ ] c at different levels ( Fig.  3 C and D) . The data confirmed that the [Ca 2ϩ ] c vs. motility relationships were left shifted in MiroV13-expressing, while showing a right shift in MiroEF-expressing cells (Fig. 3C) . Again, in the 300-400 nM [Ca 2ϩ ] c range, the decrease in mitochondrial motility was 56.7 Ϯ 3.2% in the control, 72.2 Ϯ 3.1% (P Ͻ 0.01) in MiroV13-expressing, and 42.8 Ϯ 2.5% (P Ͻ 0.05) in MiroEFexpressing cells (n ϭ 29-54). Importantly, using this experimental model we have also showed that both Miro1&2 N18 (a dominant negative lack of function GTPase mutant of Miro) and ⌬TM (a mutant that lacks its transmembrane and mitochondrial targeting domain) attenuated [Ca 2ϩ ] c -induced motility inhibition [the inhibition was 49.4 Ϯ 2.7% in the control, whereas 33.9 Ϯ 3.9% (P Ͻ 0.01) in N18-expressing and 33.0 Ϯ 3.5% (P Ͻ 0.01) in ⌬TM-expressing cells (n ϭ 43-51cells)]. Thus, according to the results obtained in cells that were either stimulated with a Ca 2ϩ -mobilizing hormone (Figs. 2 and 3 A and B) or were directly perfused with Ca 2ϩ (Fig. 3 C and D) we concluded that (i) the Miro proteins are important for Ca 2ϩ -induced movement inhibition of mitochondria and (ii) this effect requires both intact EF-hand and GTPase domains. Our results do not exclude the possibility that other (possibly lower affinity) Ca 2ϩ sensors are involved in the process, because Miro knockdown caused only a shift in the Ca 2ϩ doseresponse with only a small suppression of the maximal motility inhibition. Alternatively, the residual Miro activity (e.g., the 25-30% remaining Miro expression in the silencing studies, or endogenous Miro in MiroEF expressing cells) was sufficient to mediate the motility inhibition when saturated by Ca 2ϩ .
Miro-Dependent Changes in Mitochondrial Morphology in H9c2
Cells.
Previous studies have described Miro expression-dependent changes in mitochondrial morphology (22, 24, 25) , which may be linked to the altered motility. In addition, the present results on the Ca 2ϩ sensitivity of Miro activity necessitated further studies of the Miro dependence of mitochondrial morphology determined by the balance between fusion and fission. In H9c2 cells, Miro1-GFP colocalized with the mitochondria and induced mitochondrial thread formation and condensation (Fig. S1 ), as previously described in other cell types (24) . Myc-tagged wild type Miro1&2, Miro1&2-V13, and Miro1&2EF also showed similar mitochondrial distribution ( Fig. S1 ) and evoked mitochondrial thread formation and condensation (Fig. 4A) . Notably, immunostaining did not show a difference in Miro overexpression levels between cells showing thread formation and condensation, and the ratio of the cells showing thread formation and condensation did not change from 24 h to 48 h overexpression (data not shown). On the other hand, dominant-negative Miro constructs (N18, ⌬TM) and Miro knockdown (data not shown, n ϭ 3) caused mitochondrial fragmentation and condensation (Fig. 4A) . Silencing of Miro also evoked mitochondrial fragmentation (data not shown, n ϭ 3). Thus, we confirmed that the connectivity state and thus the length of the mitochondria is directly proportional to the availability of Miro at resting [Ca 2ϩ ] c , depending on its intact GTPase domain but not requiring the EF hands.
Disruption of the dynein motor complex in HeLa cells has been shown to cause mitochondrial condensation around the nucleus and mitochondrial elongation that was attributed to Drp1 inhibition (26) , prompting us to determine whether the Miro effects on mitochondrial structure were due to increased fusion or decreased fission activity. First, we showed that overexpression of a dominant negative form of Drp1 (Drp1K38A) prevented the mitochondrial fragmentation induced by Miro1&2-N18 or ⌬TM in H9c2 cells ( Fig. S3) , demonstrating that an intact fission machinery is required for the effect. Then we directly assessed the fusion/fission activity in Miro and MiroEF overexpressing cells, by cotransfecting them with a matrix-targeted photoactivated GFP (mtPA-GFP) construct (Fig. 4B ) that allowed quantification of the number and duration of fusion events in a subset of mitochondria following its photoactivation. Whereas in control cells PA-GFP fluorescence remained confined to the area of the photoactivation, it rapidly filled large complex networks in Miro-and MiroEF-overexpressing cells (Fig.  4B) , confirming the increased continuity of the matrix space in the elongated mitochondria. However, the increased connectivity of mitochondria in those cells was not due to the increased number of fusion events, but rather to an increased duration of the transient fusion events [time elapsed between PA-GFP transfer and apparent separation of the organelles for control, Miro and MiroEF were: 49 Ϯ 5, 75 Ϯ 8, and 96 Ϯ 13 s, respectively; n ϭ 64 Ϫ 120]. Because the duration of fusion events is determined by the occurrence of subsequent fission, our results indicated a decrease in the incidence of mitochondrial fission. Thus, Miro appears to exert its effect on mitochondrial morphology at least partially by suppressing Drp1-mediated mitochondrial fission, although recruitment of fusion promoting cytoplasmic proteins may also be affected. Finally, our results also showed that long mitochondria show less movement activity than the short ones in H9c2 cells (X. Liu and G.H., unpublished work), indicating that the Miro effect on mitochondrial fusion-fission cannot account for the Miro effect on motility.
Miro Modulates Mitochondrial Morphology in Resting Neurons. Our studies provided evidence that Miro proteins are implicated in increasing mitochondrial connectivity and in Ca 2ϩ -induced mitochondrial arrest in cultured cell lines, but these models did not allow us to study whether the protein and its EF-hand domain is also involved in distribution of mitochondria in distinct cellular domains. Thus, in further studies we used primary cortical neurons, where distinct signaling domains exist in the cell body, axon and dendrites and the mitochondrial distribution among these compartments is precisely controlled. First, primary cortical neurons were transfected with different Miro constructs together with mitochondrially targeted DsRed2 (mtDsRed) and GFP, and neuronal processes and cell bodies were analyzed for mitochondrial length and occupancy ( Fig. 5 A and B) . Mitochondria in neuronal processes were mostly tubular in shape and highly variable in size consistent with previous reports (11, 27) . To analyze mitochondrial distribution in processes pyramidal neurons were chosen and their dendrite regions Ϸ10-100 m away from the soma where mitochondria are mostly separated from each other. Compared with controls, Miro1-overexpressing neurons showed a right-shifted pattern in frequency distribution of mitochondrial length (Fig. 5C) . Indeed, the mean length of mitochondria in both Miro1 and Miro2-overexpressing neurons was Ϸ20% higher than in the corresponding control groups. Importantly, Miro1EF and Miro2EF overexpression caused even larger increase in mitochondrial length in the processes (Fig. 5 D and E) , indicating that dendritic Ca 2ϩ levels under basal neuronal activity exert an inhibitory effect on Miro-dependent mitochondrial fusion. Moreover, the mitochondrial index [ratio of total mitochondrial length in the dendrite to dendritic length in a given dendritic segment (27) ] was also significantly increased in Miro1 (2)-overexpressing group (Fig. S4 A and E) , and showed a tendency to increase in MiroEF cells (Fig. S4 B and F) . Because the number of mitochondria per 10 m of dendrite was unchanged (data not shown), the increase in mitochondrial index reflected the presence of elongated mitochondria in the dendrites. The length of individual mitochondria in neuronal cell bodies could not be quantified because of the complexity of mitochondrial network in this region, but the total area occupied by mitochondria in the cell body was unchanged in Miro-overexpressing neurons (data not shown).
Repetitive Depolarization-Induced Changes in Mitochondrial Length
Are Dependent on Miro's Ca 2؉ -Binding Activity in Neurons. Our findings indicated that Miro increases mitochondrial mass in the dendrites of resting neurons, which process is inhibited by the presence of EF-hand domains. To further evaluate the role of Ca 2ϩ occupancy of Miro EF-hands in regulation of mitochondrial dynamics we used a model of repeated depolarizations, which is associated with transient [Ca 2ϩ ] c increase, previously shown to evoke changes in neuronal plasticity (28) and mitochondrial redistribution (27) . Mitochondria in neuronal processes were examined 1 h after four repetitive depolarizations with 90 mM KCl and compared with a parallel set of nonstimulated neurons. In control cultures no changes in mitochondrial morphology, index, or number were observed (Fig. S4A) . In contrast, in Miro1-overexpressing neurons, mitochondria became shorter, dendritic mitochondrial index slightly decreased (Fig. S4 B and C) and the number of mitochondria was decreased (1.33 Ϯ 0.36 mitochondria per 10 m of dendrite in control, 1.26 Ϯ 0.26 in Miro1-overexpressing versus 1.06 Ϯ 0.29 in Miro1 after stimulations, P Ͻ 0.05, n Ն 20), indicating mitochondrial redistribution after repetitive stimulation. A similar tendency was observed in the experiments with Miro1V13 ( Fig. S4 C and D) and with Miro2 ( Fig. S4 E and F) . Most importantly, EF-hand mutations repressed these effects, and over-expression of Miro1EF and Miro2EF even caused a small but significant increase in mitochondrial length and number in the processes after prestimulation (Fig. S4) . Thus, we concluded that overexpression of Miro, bearing intact Ca 2ϩ binding EF-hand domains, mediates Ca 2ϩ -dependent fragmentation of dendritic mitochondria, which leads to their elimination or repositioning into the cell body. Abolition of Ca 2ϩ binding by EF-hand mutations reversed the effect, probably by unmasking an opposing, independent Ca 2ϩ mediated process. Importantly, endogenous Miro levels under physiological Ca 2ϩ signaling events were not sufficient to support Ca 2ϩ -induced fragmentation and redistribution.
Effect of Miro Proteins on Mitochondrial Ca 2؉ Uptake in Neurons.
Finally, to test the consequences on physiological Ca 2ϩ signals of Miro-dependent mitochondrial redistribution, evidence was sought whether Miro affects mitochondrial Ca 2ϩ uptake. We cotransfected neurons with mitochondrially targeted aequorin (29) and Miro1, and induced plasma membrane depolarization by perfusing neurons with 40 mM KCl containing Krebs-Ringer buffer. The peak (Fig. 6B) . Similar results were obtained by overexpressing either Miro2 or Miro1/V13 (Fig. 6C) . When MiroEF was overexpressed in neuronal cultures, similarly to wildtype Miro overexpression, MiroEF increased [Ca 2ϩ ] m upon plasmamembrane depolarization (Fig. 6C) . Thus, Miro mediated redistribution and fusion of mitochondria increased their ability to accumulate Ca 2ϩ independently of the Ca 2ϩ binding activity of the protein.
Discussion
This work revealed that Miro proteins mediate multiple effects of [Ca 2ϩ ] c signals on mitochondrial motility, fusion-fission dynamics and function (summarized in Fig. 6D ). Miro, in resting nonpolarized cells, facilitates mitochondrial movements presumably by optimizing the anchorage of the kinesin/dynein motor complexes to the mitochondrial surface through GRIF-1/Milton 2 and OIP106/ Milton 1 (24, 25) . In neurons, this mechanism may be involved in directional transport of mitochondria into dendrites. However, exposure of the Miro's EF-hand to a [Ca 2ϩ ] c rise relays a stop signal to the motors, and redirects dendritic transport of mitochondria in neurons. Importantly, this regulation takes place in the physiological range of global [Ca 2ϩ ] c . Miro seems to be competent to confer the Ca 2ϩ effect only if its GTPase domain is intact. Downregulation of Miro resulted in a rightward shift in the Ca 2ϩ dose-response for mitochondrial motility inhibition, whereas upregulation exerted an opposite effect, indicating that a direct relationship exists between the availability of Miro and Ca 2ϩ sensitivity. Thus, Miro is a Ca 2ϩ -sensing element of the molecular complex controlling mitochondrial motility. Miro may collaborate (30) .
At resting low [Ca 2ϩ ] c levels, when the EF-hands are presumably not occupied by Ca 2ϩ Miro also facilitates the formation of elongated mitochondria. Real time analysis of mitochondrial fusion/fission and the use of a dominant negative Drp1 construct provided evidence that (i) the Miro-mediated elongation of mitochondria involved suppression of Drp1-mediated fission and (ii) the shortening after Miro depletion is the result of Drp1-mediated fission, respectively. Notably, Miro-overexpressing cells lack mitochondrial necklaces that are present when a dominant negative Drp1 was expressed, suggesting that the Miro effect is not restricted to Drp1 inhibition. Collectively, the effects on mitochondrial motility and morphology show a unique capacity of Miro to maintain the mobility of the organelles while their size is increasing. However, extreme mitochondrial elongation may be accompanied by condensation because elongated organelles might present oversized cargo for the transport machinery (31) . In contrast to resting conditions, repetitive or prolonged high [Ca 2ϩ ] c signals trigger Miro-dependent shortening, mediated by the EF-hand domains, as shown in neurons expressing supraphysiological levels of the Miro proteins.
Finally, mitochondrial function can be modulated through the fusion state of the mitochondria and the activity of fusion-fission proteins (32, 33) . Recently, docking of mitochondria by syntaphilin in the axons has been shown to affect local calcium signaling (34) .
The present study also uncovered that Miro supports distribution of mitochondria to the dendrites close to the Ca 2ϩ entry sites and promotes the calcium signal propagation to the mitochondria. The latter effect does not seem to result from an increase in Ca 2ϩ entry or mobilization but may be due to the mitochondrial distribution close to the Ca 2ϩ source or to facilitation of the mitochondrial Ca 2ϩ uniport. Increased Ca 2ϩ transfer by the mitochondria provides a means to enhance the mitochondrial Ca 2ϩ buffering and to stimulate the Ca 2ϩ -dependent reactions in mitochondrial energy production. Thus, Miro proteins both mediate the effects and regulate calcium signaling to coordinate the mitochondrial dynamics and contribution to cell function.
Materials and Methods
Detailed methods are described in SI Methods. Constructs of Miro and antibodies have been described previously (21, 24, 29) . H9c2 cells were cultured and were cotransfected with Miro DNAs and mtYFP employing electroporation or with siRNAs with GeneSilencer (Genlantis). Primary cultures of cortical neurons were prepared from the cortices of neonatal Wistar rats, were grown in Neurobasal A medium, were transfected using Lipofectamine 2000TM with mtDsRed, GFP or aequorin and imaging and aequorin measurements were performed 6 -10 days later (29) . Simultaneous measurements of [Ca 2ϩ ]c with mitochondrial motility in H9c2 cells were carried out by using a fluorescence or a confocal imaging setup as described before (12) . For PA-GFP photoactivation three 25-m 2 areas were chosen per cell and illuminated with maximum power 442-nm excitation. PA-GFP fluorescence was then monitored using 488-nm excitation. The change in mitochondrial motility was evaluated as described previously (12) . The length of processes and mitochondria in the neuronal cultures was measured manually with the aid of MetaMorph software. 1-3) , mtPA-GFP and Drp1K38A-YFP were kindly provided by Jennifer Lippincott-Schwartz (4) and Alex van der Bliek (5), respectively and mtDsRed, YFP and GFP were from Clontech. siRNAs specific for rat Miro1, Miro2, and scrambled control (Smartpool) were from Dharmacon. Miro1-and Miro2-specific antibodies were produced by immunizing rabbits with a keyhole limpet hemocyanin-conjugated Miro1-specific peptide representing amino acid residues 560-574 of human Miro1 (2)-or Miro2-specific peptide representing amino acid residues 79-93 of human Miro2. Myc-tagged Miro proteins were detected by a mouse monoclonal anti-Myc antibody (9E10, Santa Cruz). All other reagents were purchased from Sigma or Invitrogen. Primary cultures of cortical neurons were prepared from the cortices of neonatal Wistar rats as described by Pasti et al. (7) , and seeded to polyL-lysine coated coverslips at a density of 10 6 on 13 mm coverslip or 2 ϫ 10 6 on 24 mm coverslip. Cells were grown in Neurobasal A medium supplemented with B-27, GlutaMax-I and penicillin-streptomycin. Neurons were transfected using Lipofectamine 2000TM according to the manufacturer's instructions 4-6 day after plating (4-6 DIV) and aequorin measurements and imaging were performed 6-10 days later (on 10-14DIV). For experiments with prestimulation, the neuronal cultures were possessed for 4ϫ stimulations with Krebs-Ringer modified buffer (KRB, below) containing 90 mM KCl/45 mM NaCl and 1 mM CaCl 2 , each stimulus for 3 min separated by 10-min resting intervals in conditioned medium, 1 h before image acquisition.
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Immunochemical Detection of Miro Proteins. For the immunocytochemistry, the transfected cells were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature, and then permeabilized by 100 g/ml of digitonin. After blocking with 1% BSA in PBS, cells were treated with primary and secondary antibody for 30-60 min.
To obtain total cellular lysates, the cells were disrupted in lysis buffer [1% Triton X-100, 0.1% SDS in TBS saline buffer with Complete protease-inhibitor (Roche)]. The extracted proteins (30 g of each sample) were separated in 10% SDSpolyacrylamide gel (Bio-Rad), transferred onto PVDF membrane, and probed by anti-Miro1 (1:2,000), anti-Miro2 (1:1,000), and anti Myc (1:500). Isotype-matched, hoseradish-peroxidaseconjugated secondary antibody (GE Healthcare) was used, followed by detection with chemiluminescence (Pierce). All experiments were performed with at least three different preparations.
Fluorescence and Confocal Imaging. Simultaneous measurements of [Ca 2ϩ ] c with mitochondrial motility in H9c2 cells were carried out by using an inverted microscope (Olympus IX70; 40ϫ, UApo340, NA 1.35) fitted with a cooled CCD camera (Pluto; Pixelvision) and a high speed wavelength switcher (Lambda DG; Sutter Instruments) controlled by a custom-designed software. Simultaneous detection of fura2 (340 and 380 nm excitation) and mitoYFP (495 nm excitation) fluorescence was achieved using a multi-wavelength beamsplitter/emission filter combination (Chroma). The transfected cells were preincubated for 20 min in an extracellular medium (ECM; 121 mM NaCl, 5 mM NaHCO 3 , 10 mM Na-Hepes, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2 mM CaCl 2 , and 10 mM glucose, pH 7.4) containing 2% BSA (2% BSA) and loaded with 5 M fura2/AM (Teflabs) for 15-20 min in the presence of 0.003% (wt/vol) pluronic acid and 100 M sulfinpyrazone to minimize dye loss at room temperature before imaging. After washing of the dye-loaded cells, imaging measurements were performed in either ECM containing 0.25% BSA (stimulation with vasopressin) or in Ca 2ϩ -free 0.25% BSA ECM supplemented with 10 mM EGTA plus varying concentrations of CaCl 2 ([Ca 2ϩ ] clamp) at 35°C. Fura2 fluorescence was calibrated in vitro (K d ϭ 224 nM).
Confocal images of transfected H9c2 cells were acquired by using an imaging system (Radience 2100; Bio-Rad) equipped with a Kr/Ar-ion laser source (488 and 568 nm excitation) and a HeCd-ion laser source (442 nm) fitted to an inverted microscope (40ϫ, UApo340, NA 1.35). YFP and GFP after photoillumination were excited at 488 nm, CFP was excited at 442 nm and Alexa 568 was excited at 568 nm. For emission 476/48 nm, 528/50 nm bandpass and 580 nm longpass filters were used, respectively.
PA-GFP was photoactivated using the region of interest scanning option in the LaserSharp2000 software. Three 25-m 2 areas were chosen per cell and illuminated with maximum power 442 nm excitation for 10 consecutive images to achieve irreversible photoactivation. PA-GFP fluorescence was then monitored using 488 nm excitation.
The change in mitochondrial motility was evaluated as described previously (6) . Briefly, by the subtraction of sequential images, the fluorescence change for each pixel was calculated, and then pixels that exhibited greater than as empirically determined threshold (2.5% of mean fluorescence intensity/pixel) were counted for each time point. Changes in pixel number were normalized to the initial value calculated for cells before stimulation. The mitochondrial motility at the baseline [Ca 2ϩ ] c level (Ͻ40 nM) was evaluated in each overexpression/silencing condition by calculating the number of moving pixels as a fraction of the total number of mtYFP pixels (expected pixel number of mitochondria), and then these ratio values were normalized to the control condition. (8) . The values derived from the aequorin measurements may be higher because aequorin shows the whole cell average [Ca 2ϩ ] c signal in a large population of neurons and the nature of calibration of the aequorin luminescence might not reflect the actual average signal, measured by fura 2, as discussed earlier (9) .
Fluorescence Imaging and Morphology Analysis in Neurons.
Neuronal cultures were transfected with mtdsRed and GFP and processed for microscopy at 37°C in KRB/Ca 2ϩ solution. Cells were visualized using an inverted Zeiss Axiovert 200M microscope equipped with 63ϫ Plan-Apochromat oil objective (NA 1.4), 485/40 nm or 535/30 nm emission filters (for GFP and mtDsRed, respectively, Chroma Technology), a CoolSNAP HQ interline CCD camera (Roper Scientific) and the MetaMorph 5.0 software (Universal Imaging). The length of processes and mitochondria was measured manually with the aid of MetaMorph software. It should be mentioned, that distribution of mitochondrial length does not follow normal distribution, but log-normal distribution, and therefore the differences between groups were analyzed with non-parametric tests. Since the amount of counted mitochondria is very high (Ͼ500) it was possible to disregard the non-Gaussian distribution and show the results as meanϮ SEM.
Statistical Analysis. The mean (Ϯ SEM) values were compared using Student's t test were appropriate or one-way ANOVA followed by Bonferroni's post-hoc analysis. The medians of mitochondrial length were compared using Kruskal-Wallis test followed by Dunn's multiple comparison test. 
